The factors leading to AVM formation are unknown, but a number of inherited diseases leading to vascular malformations have now been identified and the causal mutations mapped. 3 Of these familial disorders, hereditary hemorrhagic telangiectasia (HHT) patients have a strikingly high frequency of AVMs. Because HHT is most frequently associated with mutations in the endoglin or ACVRL1 (activin receptor-like kinase 1) gene, 4,5 it is likely that these genes have important roles in preventing AVMs during normal development. HHT is an autosomal dominant disorder affecting approximately 1 in 10 000 people and is characterized by bleeding from small superficial AVMs (known as telangiectases) in the nose and gastrointestinal tract, as well as larger AVMs that may occur in major organs including lung, brain and liver. 6 At present, there is limited understanding of how deficiencies in endoglin or ACVRL1 lead to disease pathology, although their role in transforming growth factor (TGF)␤ family signaling has been the subject of considerable investigation. 7, 8 Endoglin is an auxiliary receptor for members of the TGF␤ family of ligands and is expressed primarily on vascular endothelial cells (ECs). It has no signaling kinase domain itself, but can promote TGF␤ signaling through the ACVRL1 receptor to promote cell proliferation and migration. 9,10 ACVRL1 signals by phosphorylating Smad1/5/8 transcription factors which then translocate to the nucleus to regulate expression of downstream genes. 7 Recently, endoglin and ACVRL1 have been shown to respond to bone morphogenetic protein (BMP)9 and BMP10 ligands of the TGF␤ family to promote endothelial cytostasis, even in the presence of angiogenic growth factors. [11] [12] [13] How these different in vitro responses link to the normal role of these genes in averting AVM formation in development is not yet clear.
A rteriovenous malformations (AVMs) are the most frequent cause of hemorrhagic stroke in young adults. 1, 2 The factors leading to AVM formation are unknown, but a number of inherited diseases leading to vascular malformations have now been identified and the causal mutations mapped. 3 Of these familial disorders, hereditary hemorrhagic telangiectasia (HHT) patients have a strikingly high frequency of AVMs. Because HHT is most frequently associated with mutations in the endoglin or ACVRL1 (activin receptor-like kinase 1) gene, 4, 5 it is likely that these genes have important roles in preventing AVMs during normal development. HHT is an autosomal dominant disorder affecting approximately 1 in 10 000 people and is characterized by bleeding from small superficial AVMs (known as telangiectases) in the nose and gastrointestinal tract, as well as larger AVMs that may occur in major organs including lung, brain and liver. 6 At present, there is limited understanding of how deficiencies in endoglin or ACVRL1 lead to disease pathology, although their role in transforming growth factor (TGF)␤ family signaling has been the subject of considerable investigation. 7, 8 Endoglin is an auxiliary receptor for members of the TGF␤ family of ligands and is expressed primarily on vascular endothelial cells (ECs). It has no signaling kinase domain itself, but can promote TGF␤ signaling through the ACVRL1 receptor to promote cell proliferation and migration. 9, 10 ACVRL1 signals by phosphorylating Smad1/5/8 transcription factors which then translocate to the nucleus to regulate expression of downstream genes. 7 Recently, endoglin and ACVRL1 have been shown to respond to bone morphogenetic protein (BMP)9 and BMP10 ligands of the TGF␤ family to promote endothelial cytostasis, even in the presence of angiogenic growth factors. [11] [12] [13] How these different in vitro responses link to the normal role of these genes in averting AVM formation in development is not yet clear.
To address this issue we, and others, have previously derived mouse models with endoglin mutations and found that Endoglin null embryos die halfway through gestation from developmental defects in the cardiovasculature. 14 -16 Mice that are heterozygous for endoglin-null mutations survive and model some features of HHT, but AVMs occur at an extremely low frequency. 17 With the aim of developing a more reproducible model of AVM formation, and bypassing embryonic lethality of the endoglin null mouse, we have taken a conditional knockout approach combining our recently generated endoglin-floxed mouse model 18 with an endothelial specific Cdh5(PAC)-Cre ERT2 transgenic line. 19 As Cre ERT2 is inactive until exposed to tamoxifen, this combination of alleles allows endoglin depletion in ECs at different stages of development and adult life, permitting a high degree of manipulability with which to investigate the role of endoglin in vivo.
Methods

Mice
All animal experiments were performed under United Kingdom home office license, with approval from Newcastle University ethical review committee. The alleles and transgenes used have been previously described [Eng 2fl , Eng 2fl/2fl and included both tamoxifen-treated and tamoxifen-untreated groups. To date, no differences have been observed between control groups, and data were therefore pooled. All mice were in a mixed genetic background. To activate Cre ERT2 , adult animals were injected intraperitoneally on 5 consecutive days and then on 2 additional occasions (day 7 and 9) with 2 mg of tamoxifen, whereas neonates were injected subcutaneously with 0.5 mg tamoxifen at postnatal day (P)2 and at P4. Genotyping was performed by PCR as previously described, 18, 20 except that forward and reverse primers to detect the presence of the Cdh5(PAC)-Cre ERT2 allele were 5Јtgccaccagccagctatcaact3Ј and 5Ј-agccaccagcttgcatgatctc-3Ј, respectively.
In Vivo Matrigel Assay
Matrigel (400 L) supplemented with growth factors 600 ng/mL basic fibroblast growth factor and 300 ng/mL VEGF was injected subdermally into Eng-iKO e and control mice aged between 8 and 10 weeks under isoflurane anesthesia. Mice were humanely killed after 15 days, and skin from both the Matrigel plug region and the contralateral flank were processed for cryo-or for paraffin sections. Blood vessels were systematically analyzed by counting all the CD31-positive vessels in every 5th section over at least 20 cryosections from each Matrigel plug. Anti-CD105 staining of every 6th section was used to evaluate endoglin knockdown. Primary antibodies were from BD biosciences and detected using biotinylated rabbit antirat secondary antibody and Vectastain Elite ABC Reagent. At least 20 paraffin sections of each sample were stained with hematoxylin/eosin for morphological analysis and 2 independent investigators quantified venous ECs identified by cell morphology and position (including protrusion of the nucleus into the lumen). Images were taken using a Zeiss Axiovert microscope and Axiovision software (which also permitted linear measurements) and 3D reconstructions of vessels from a minimum of 25 serial sections was carried out using Amira software.
Retinal Whole Mount Staining
Eyes were fixed in 4% (wt/vol) paraformaldehyde in PBS before staining with Alexa488-conjugated B. Simplicifolia isolectin B4 (Invitrogen). In situ hybridization for ephrin-B2 and Aplnr was performed as previously described. 21 Additional staining was performed with antibodies to ␣-smooth muscle actin (aSMA)-Cy3 (Sigma); Jagged-1 (Santa Cruz Biotechnology); pSmad2, pSmad1/ 5/8 (Cell Signaling); VE-cadherin, endoglin (BD biosciences); collagen IV (Chemicon); and EphB4 and Acvrl1 (R&D). To detect unconjugated primary antibodies, rabbit or goat secondary antibodies conjugated with Alexa594 or Alexa488 (Invitrogen) were used. To measure cell proliferation, pups were injected subcutaneously with 100 g of BrdUrd per gram body weight 2 hours before euthanasia. Retinas were subjected to antigen retrieval with 6mol/L HCl, and BrdUrd was detected using Anti-BrdUrd-Alexa 594 (Invitrogen) at 4°C. Stained retinas were flat mounted and examined using a Zeiss laser-scanning confocal microscope or a Zeiss Axiovert fluorescent microscope. For X-gal staining, freshly dissected retinas were fixed for 30 minutes in glutaraldehyde and stained in X-gal solution as previously described. 22 
Statistical Analysis
The Student's t test (2-tailed) was performed for analysis between 2 groups containing normally distributed data. Where data were nonnormally distributed (skewed) it was normalized before analysis by square root transformation. To compare venous size and EC number the difference between measurements near to and distant from the Matrigel plug was calculated for each animal before analysis of these differences. All statistical analysis was performed using Minitab software, and a significant difference was assumed when PϽ0.05.
Results
Endoglin Depletion Leads to Reduced Angiogenesis and Venomegaly in Adult Mice
To determine the effect of endoglin loss on angiogenesis in vivo, we first used the subdermal Matrigel angiogenesis assay in adult mice. Tamoxifen treatment efficiently activated Cdh5(PAC)-Cre ERT2 in vascular ECs leading to lacZ expression in the presence of the Rosa26R Cre reporter allele (Online Figure I , B). 20 Tamoxifen treatment also leads to loss of endoglin expression in Eng-iKO e mice ( Figure 1A through 1D). To investigate the effect of endoglin loss on angiogenesis in adult mice, a Matrigel plug, supplemented with angiogenic growth factors (VEGF and basic fibroblast growth factor), was injected subdermally into control and Eng-iKO e mice and examined for neovascularization after 15 days. in Eng-iKO e mice ( Figure 1A through 1E), that was similar to a phenotype previously reported for Eng ϩ/Ϫ mice. 23 However, an additional phenotype of venous enlargement adjacent to the Matrigel occurred to a far greater extent in Eng-iKO e mice than in controls ( Figure 1F through 1H). Vessels in the contralateral flank of Eng-iKO e mice appeared normal, suggesting the excessive venous enlargement was a local response to growth factor-supplemented Matrigel, in the absence of endoglin. Venous enlargement was also accompanied by a significant increase in the number of venous ECs in Eng-iKO e mice ( Figure 1I ) indicating this was not primarily a vasoregulatory response, rather this was a venomegaly. Reconstructed serial sections further illustrate this response (Online Figure II) .
Loss of Endoglin Leads to Retinal Vascular Abnormalities and Delayed Vascular Remodeling
To investigate the abnormal vascular responses in the EngiKO e mice during angiogenesis in a more readily visualized physiological setting, we examined vascular development in the neonatal retina. Development of retinal blood vessels in the mouse occurs in the first week of postnatal life to form a highly organized vascular plexus within a 2D plane. Blood vessels begin to form at the center of the retina and the vascular plexus grows outwards toward the periphery to generate a regular alternating pattern of arteries and veins with an intervening capillary network. 24 Endoglin is expressed in all retinal blood vessels at P7 but expression is markedly higher in the veins and in the reorganizing capillaries ahead of the vein, but behind the tip cells ( Figure 2A ). In contrast, Acvrl1 was expressed fairly uniformly in ECs of retinal arteries, veins, and capillaries (not shown). Tamoxifen treatment leads to Cdh5(PAC)-Cre ERT2 activation in retinal ECs at high efficiency to activate the Rosa26R reporter and to deplete endoglin protein levels ( Figure 2B and 2C). The earliest defect observed in the Eng-iKO e retinal vasculature was seen at P4 in the form of a dense capillary (A and C) . E, Neovascularization of Matrigel implants is significantly reduced in Eng-iKO e mice (nϭ6) compared with control mice (nϭ6). **Pϭ0.016. F, Skin sections stained with hematoxylin/eosin from a control mouse show normal appearance of postcapillary venule (boxed area, and in digital zoom) adjacent to a small artery (a) running next to the Panniculus carnosus (pc). G, A similar section from an Eng-iKO e mouse shows major venous enlargement (boxed area, and in digital zoom) adjacent to Matrigel plug. H, t test of differences between average cross sectional area of venules in the presence and absence of Matrigel in control (nϭ4) and Eng-iKO e (nϭ6) mice show that the combination of local angiogenic stimulation (Matrigel ϩVEGF/FGF) and endoglin loss leads to gross venous enlargement (**Pϭ0.023). I, t test of differences between average endothelial cell number in venules, in the presence and absence of local angiogenic stimulation, show that the combination of local angiogenic stimulation and endoglin loss leads to an increase in venous EC number (**Pϭ0.049). m (A, B, D, and E) and 100um (F and G) .
plexus with significantly reduced progression to the retinal periphery suggesting delayed remodeling and reduced migration of the newly formed capillaries ( Figure 2D and 2E ). This delayed progression continued as the retina developed such that at P9 the retinal plexus had reached the retinal periphery in controls, but not in Eng-iKO e mice ( Figure 2F and 2G). This difference was statistically significant (PϽ0.001) and was not attributable to altered retinal size in Eng-iKO e neonates (Online Figure III) .
There was a striking increase in vascular density in the peripheral region of the retinal plexus of Eng-iKO e neonates ( Figure 3A and 3B), which may have resulted from delayed remodeling of the plexus and which precluded accurate branch counts. However, the increased vascular coverage in the Eng-iKO e mutants is clearly seen from quantification of isolectin staining ( Figure 3C ). Furthermore the thickness of the capillary plexus at the growing front was significantly increased in mutants compared with controls ( Figure 3D ). To investigate whether the increased vascular density was attributable to an abnormally high branching phenotype, similar to Dll4 mutants, 25 we examined filopodia in tip and stalk cells, but observed no difference between mutants and controls (Online Figure IV) . Furthermore, the branching frequency and vascular density appeared similar in controls and mutants after the initial remodeling phase was complete, as seen in the central region of the plexus (Figure 3E through 3H) . Overall this phenotype would be consistent with normal branching combined with delayed remodeling of neocapillaries in the plexus.
Abnormal Cell Changes During AVM Formation in Eng-iKO e Retinas
Major arteriovenous malformations (AVMs) occurred in 70% of Eng-iKO e retinas ( Figure 4B through 4E) but were completely absent in controls ( Figure 4A ). In addition, Ϸ20% of Eng-iKO e retinas had bleeding AVMs ( Figure 4D and 4E). The Eng-iKO e retinas also showed an increase in venous caliber and enlargement of AVMs as the plexus developed. To determine whether the increase in AVM diameter was attributable to increased EC number we stained retinal vessels with VE-cadherin, a marker of EC junctions. This clearly revealed that the numbers of ECs lining the AVMs ( Figure  5A and 5B) increased in larger AVMs, and that there was a significant increase in AVM diameter during the first week of postnatal development (Online Figure V, A) , pointing to excess EC proliferation in these vessels. This was tested using BrdUrd labeling. In control retinas at P7, veins and peripheral capillaries show proliferating cells, whereas arteries are almost exclusively composed of nonproliferating cells (Figure 5C ). In contrast, all AVMs, veins, and arteries and the entire capillary plexus show increased cell proliferation in the Eng-iKO e retinas ( Figure 5D and 5E), even in the central region of the plexus where the majority of vessels appeared normal (Online Figure V, B) . To determine whether any of the proliferating vascular cells were endothelial, we performed detailed confocal analysis of retinas stained for CD31 and BrdUrd and confirmed that proliferating endothelial cells were present ( Figure 5F ; Online Figure VI) . In light of the role of endoglin in regulating TGF␤ family signaling, we anticipated ECs in Eng-iKO e retinas might show altered Smad phosphorylation. However, we were unable to detect any changes in phospho-Smad1/5/8 or phospho-Smad2 staining in retinal ECs of Eng-iKO e mice compared with controls. Similar results were obtained using both immunofluorescent staining of whole mount preparations and immunohistochemistry of retinal sections (Online Figure VII, A and B) .
It has previously been proposed that AVMs may occur in response to loss of arterial and/or venous identity. 26, 27 To test arterial and venous identities in Eng-iKO e retinas we first examined vessels for expression of Jagged-1 and ephrinB2 (known to be associated with arterial identity) and for EphB4 and the apelin receptor Aplnr (associated with venous identity 28 ). Jagged-1 and ephrinB2 expression were restricted to arteries in control and Eng-iKO e retinas suggesting that arterial identity is maintained ( Figure 6A through 6E) . Also, veins in control and Eng-iKO e retinas expressed EphB4 and Aplnr indicating that veins retained their molecular identity in the absence of Endoglin ( Figure 6F through 6I) . On the other hand AVMs appeared to be venous in nature as they expressed EphB4 and Aplnr, but not Jagged-1 or ephrinB2 ( Figure 6D through 6F, 6H, and 6I).
Another widely used marker to identify neonatal retinal arteries is vascular smooth muscle cell coverage, recognized by immunostaining for aSMA, and which is absent from veins at this stage of development ( Figure 7A and 7C) . 21 In the Eng-iKO e , the smooth muscle organization is no longer arterial-specific and aSMA expression follows the pattern of predicted blood flow across the AVM and into veins on the "downstream" side of the shunt ( Figure 7B and 7D ). This pattern is seen from an early stage of AVM formation (eg, P6, Figure 7B ), is maintained as the AVM progresses, and indicates that muscularization is a secondary response to increased blood flow.
Discussion
This study has revealed the importance of endoglin in endothelial cells in the remodeling of blood vessels during angiogenesis. Either exogenous or endogenous angiogenic stimuli promote vessel abnormalities in Eng-iKO e mice, with the common feature of an abnormal increase in EC proliferation. In adult skin this effect was observed in the veins, whereas in the neonatal retina all vessels show a higher frequency of proliferating vascular cells, including endothelial cells, compared with controls. These findings are consistent with the role of endoglin and ACVRLI in cytostasis in response to angiogenesis triggers [11] [12] [13] and with data showing that endoglin null endothelial cells proliferate faster than control cells in culture. 29 Our data are also consistent with a recent report showing that angiogenesis is required for AVM (red arrows) . Note also the increased caliber of major vessels compared with controls. One AVM in the boxed area is shown at higher power (C). Scale bars, 500 m. D, Hemorrhage in a freshly dissected retina; boxed area corresponds to the AVM that can be seen in higher power after isolectin staining (E). development in the absence of Acvrl1. 30 Similarly, increased EC proliferation has been reported in cranial vessels of zebrafish Acvrl1 mutants, and form lethal arteriovenous shunts in a process that is exacerbated by blood flow. 31, 32 Because the clinical phenotypes of HHT1 (endoglin) and HHT2 (ACVRL1) patients are closely related, it is likely that endoglin and ACVRL1 play a similar role in regulating vessel caliber during angiogenesis. Our evidence suggests endoglin plays a part in restricting endothelial proliferation during angiogenesis, consistent with a role in BMP9 signaling in vivo and that blocking this function results in an increased frequency of AVM formation. In addition, the importance of endoglin in regulating the vascular architecture appears to be angiogenesis-specific because we observed no effects in unstimulated Eng-iKO e adult skin vessels (Figure 1 ). The role of endoglin is likely to be most important where it is more strongly expressed. In the retina this corresponds to veins and remodeling capillaries behind the tip cells. In the absence of endoglin we observed delayed progression of the retinal capillary plexus that did not appear to result from defects in branching per se. Capillary remodeling and extension is a process that is currently poorly understood, 33 but in the absence of endoglin, a thickened capillary plexus formed that was slow to extend to the retinal periphery. One possible explanation for this is a defect in intercalation, a process in which endothelial cells "slide" past each other while maintaining cell-cell contact to extend the vascular tube with a lumen. A possible role for endoglin in intercalation was previously suggested because the cytoplasmic domain of endoglin is homologous to that of Piopio, a protein required for intercalation movements in the developing Drosophila tracheal network. 34 If, in the absence of endoglin, a newly formed capillary fails to extend longitudinally by intercalation before the onset of blood flow, this leaves it vulnerable to formation of small opportunistic shunts once blood flow commences. Previous work has shown that AVMs can be associated with abnormal Notch signaling which is critical for arterial and venous identity. [35] [36] [37] Moreover, it has previously been proposed that disruption of arterial and venous identity also underlies AVM formation in HHT. 26 However, expression of key molecular regulators of arterial and venous identity (Jagged-1, ephrin-B2, Aplnr and EphB4) is maintained in the arteries and veins of the retina in the absence of endoglin, indicating loss of arterial and venous molecular identity is not the main cause of AVMs in HHT.
Our data also indicate that increased blood flow promotes muscularization of the AVM, and this occurs from the earliest stages, suggesting muscularization is a sensitive response to increased shear stress and/or wall pressure. This is a well recognized phenomenon used to generate arteriovenous fistula for kidney dialysis patients. In the context of HHT, the abnormal muscularization of AVMs and collecting veins seen in Eng-iKO e retinas parallels the increased number of smooth muscle cells associated with AVMs and postcapillary venules first reported in skin biopsies of HHT patients. 38 We were surprised that there was no detectable change in either pSmad2 or pSmad1/5/8 activity in Eng-iKO e retinal vessels. Both groups of Smads have previously been shown to be endoglin dependent using in vitro studies. 9, 39 However, the situation is more complex in vivo, as the effect of endoglin loss on pSmad1/5/8 activity in the pulmonary vasculature is seen in quiescent, but not angiogenic blood vessels. 40 Although it is possible that the increased cell proliferation and angiogenesis defects observed in Eng-iKO e retinas are caused by abnormal Smad-independent responses, this becomes less likely when considered in the context of SMAD4 mutations causing HHT in a combined syndrome involving juvenile polyposis. 41 Such events may parallel those occurring following overexpression of Smad7, which stimulates AVMs during angiogenesis in a chick model. 42 We are currently investigating the in vivo signaling defects that occur in the absence of endoglin and are likely to underlie development of AVMs.
The results of our study raise the question of why AVM formation is frequent in HHT1 (ENG ϩ/Ϫ ) patients and occur in various tissue locations, including the retina, 43, 44 whereas AVMs are extremely rare in heterozygous Eng ϩ/Ϫ mice 17 and become frequent only when endoglin is depleted during angiogenesis (Figure 4 ). There are (at least) 2 possible explanations. It has been proposed that AVMs may develop following a somatic mutation in the normal endoglin allele and that such mutations have sufficient time to accumulate during the lifetime of HHT1 patients, in contrast to the shorter lifespan of mice. Alternatively, inflammatory cytokines such as tumor necrosis factor-␣ have been shown to trigger events leading to release of approximately 50% endoglin protein from the endothelial cell surface. [45] [46] [47] Because endoglin levels are already reduced in HHT1 patients, loss of a similar amount of endoglin protein during inflammation may generate a transient and local endoglin-null phenotype (Figure 8 ). Our evidence supports the idea that local absence of endoglin, either attributable to somatic mutation or to a transient release of endoglin protein, would lead to abnormal vessel remodeling, but only in the presence of angiogenic stimuli (Figure 8 ). In support of this hypothesis, we have previously shown that inflammation was associated with bleeding vascular lesions in Eng ϩ/Ϫ mice. 17 As yet, there is no evidence for somatic mutations in HHT1 patient AVM lesions, 48 but further screening is probably required before this possibility can be completely excluded.
In addition, our findings may be relevant to the occurrence of sporadic AVMs because, recently, these have been causally associated with local increases in soluble endoglin. 49 Reduced endoglin activity in endothelial cells would result if soluble endoglin depletes the amount of circulating ligand locally available. However, our data suggest that sporadic AVMs resulting from reduced endoglin activity in this way would only form in the context of physiological or pathological angiogenesis and that antiangiogenic therapy may be protective in patients at high risk of developing AVMs. 
